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Simple Summary: In highly polluted water, fish can accumulate Hg at concentrations that cause
risk to human health. This has occurred in Sicily (Southern Italy), where there is activity from the
petrochemical pole. In this paper, we present concentrations of mercury in 14 fish species collected
from western Sicilian coasts in 2013. A significant difference was found between fish species examined
but not between pelagic and benthic fish. Four out of 130 analyzed samples showed mercury
concentrations over the European limits.
Abstract: In highly polluted water, fish can accumulate mercury up to a concentration of 10 mgKg−1.
This has occurred on the eastern coasts of Sicily (Southern Italy), probably due to the intense industrial
activity of this area. However, little is known about Hg accumulation in fish of the western Sicilian
coasts. In this work, we examined the Hg accumulation of 108 fish samples belonging to 14 species
collected from western Sicilian coasts using a direct mercury analyzer. The samples showed a mean
mercury concentration of 0.165 ± 0.22 mg kg−1 with a maximum in Lepidopus caudatus (1.72 mgKg−1),
exceeding the limits provided by EC Reg. 1881/2006. The lowest Hg levels were found in Sparus aurata
samples (0.001 mgKg−1). A significant difference was found between the fish species examined
(p < 0.05). The comparison between benthic and pelagic species did not show statistical differences
(p < 0.05). Fish food constitutes the main route of Hg uptake for humans. Only four of the 130 samples
examined reached a mercury concentration over the European limits. The comparative analysis of
Hg pollution for benthic and pelagic species did not confirm a different trend in metal contamination.
Keywords: contaminants; toxic metals; fish; Mediterranean Sea
1. Introduction
Mercury (Hg) commonly known as quicksilver, is a heavy, silvery-white liquid metal chemical
element, highly toxic to the environment and living creatures [1,2]. Generally, methylation is the most
important Hg transformation in an aquatic system [3,4]. Methyl mercury formed by microorganisms is
rapidly taken up by living organisms and enters the food chain via plankton filter-feeding bottom
invertebrates [4]. Therefore, fish products constitutes the main route of Hg uptake for humans [5,6].
Chronic exposure to Hg may induce sensory disturbances (glove and stocking type), ataxia, dysarthria,
constriction of the visual field, auditory disorders, and tremor [7]. In Sicily (Southern Italy), the activity
of the Syracusan petrochemical pole resulted in a high total mercury concentration in fish of the east
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Sicilian coasts [8]. However, little is known about the presence of Hg in fish from the western Sicilian
coasts. In this work, the mercury concentration of Mediterranean fish from the western Sicilian coasts
was examined by a direct mercury analyzer. The dataset obtained was compared with the European
regulation limits (EC Reg. 1881/2006). The correlation between habitats (benthic or pelagic) of each fish
species and concentration of mercury was also evaluated. Furthermore, the results obtained in this
work were compared with others reported in literature to evaluate possible differences between two
various fish areas with different pollution potentialities.
2. Materials and Methods
2.1. Sampling Plan
A total of 108 fish samples were collected from markets of Palermo from May 2013 to December
2013. All the fish samples came from the north-western coasts of Sicily, as stated on the label (FAO
zone 37.1.3). The fish samples included 14 species: Mullus barbatus, Trachurus trachurus, Sparus aurata,
Lepidopus caudatus, Scomber scombrus, Scomber japonicus, Sardina pilchardus, Conger conger, Trachinus draco,
Chelidonichthys lucernus, Scorpaena scrofa, Merluccius merluccius, Phycis phycis and Lophius piscatorius. The
samples were filleted with plastic scissors and the muscle tissues were stored at −20 ◦C until they were
analyzed for mercury concentration.
2.2. Chemical Analysis
The Hg concentration was determined according to the protocol of Cammilleri et al. (2018) [9].
About 0.1 ± 0.001 g of the samples was weighed, put onto nickel vessels, and introduced to a Milestone
DMA-80 Direct Mercury Analyzer (Milestone, Sorisole, Italy). The instrumentation parameters
are shown in Table 1. The method was validated for repeatability and expanded measurement
uncertainty according to ISO 17025:2005, considering four concentration levels (0.05–2 mgKg−1) [2].
The instrumental/method limit of detection and quantification (LOD and LOQ) were assessed by the
3 σ and 10 σ approaches, according to the American Chemical Society committee.
Table 1. Hg direct analyzer conditions.
Parameter Value
Combustion temperature (◦C) 650
Catalyst temperature (◦C) 565
Cuvette temperature (◦C) 125
Decomposition temperature (◦C) >600
Start max temperature (◦C) 250
Purge time (s) 60
Time for signal registration (s) 30
2.3. Data Collection and Statistical Analysis
The data obtained were expressed as mg kg−1 wet weight (w.w.) and divided by fish species
and ecological condition (benthic vs pelagic). The conditions of normal distribution (according to
the Shapiro–Wilk test) and homoscedasticity (according to the Levene test) were not met; therefore,
a Wilcoxon test was carried out to evaluate significant differences in Hg levels between pelagic and
benthic fish samples. Moreover, a Kruskal–Wallis test was carried out to verify significant differences
in Hg levels between the fish species examined. The correlation between Hg levels and fish length
were examined using Spearman’s rank correlation analysis. All statistical analyses were performed
using R version 3.2.2.
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3. Results
3.1. Validation
The validation parameters of the method are listed in Table 2. The method developed was able to
determine the Hg concentration of the samples in a wide range of measurements (0.050–2.00 mg kg−1)
with a mean recovery of 103%.
Table 2. Results of the validation of the analytical method.
Level Concentration (mg kg−1) Repeatability (mg kg−1) Expanded Measurement Uncertainty
I 0.1 0.021 ±0.020
II 0.5 0.174 ±0.153
II 1 0.380 ±0.360
IV 2 0.826 ±0.710
3.2. Hg Content
The Hg content of all the fish samples examined are shown in Table 3. All the samples tested
showed Hg content, with mean values of 0.175 ± 0.232 mg kg−1, and pelagic and benthic samples
showing mean values of 0.1854 ± 0.279 mg kg−1 and 0.1576 ± 0.129 mg kg−1, respectively. A total of
four samples (2.78%) showed Hg values above EC Reg. 1881/2006. Two of these belonged to the L.
caudatus species, and had Hg content of 1.718 and 1.206 mg kg−1. Among pelagic fish, T. trachurus
samples showed the highest mean Hg content of 0.362 ± 0.182 mg kg−1, followed by E. encrasicolus
and S. scombrus. The lowest concentrations were found in S. aurata samples (0.033 ± 0.044 mg kg−1).
Hg content in benthic fish was determined to be in a range between a minimum of 0.005 mg kg−1 in
M. barbatus and a maximum of 1.718 mg kg−1 in L. caudatus, revealing the highest mean values found
in this work (0.388 ± 0.465 mg kg−1). Among the benthic fish, the second highest mean value of Hg
was found in C. conger (0.251 ± 0.139 mg kg−1), followed by T. draco. P. phycis was the benthic fish that
showed the lowest Hg levels (0.066 ± 0.05 mg kg−1).
Table 3. Hg levels (mean ± SD mg kg−1 wet weight (w.w.)) of the fish samples examined. Superscripts
a,b,c mean no significant differences (p < 0.05).
Species N Mean Length(cm) Hg (Mean ± SD; mg kg −1) MIN (mg kg −1) MAX (mg kg −1)
Pelagic
Engraulis encrasicolus 3 11.00 0.085 ± 0.049 a 0.027 0.114
Sardina pilchardus 12 13.02 0.058 ± 0.015 a 0.0365 0.076
Scomber scombrus 6 25.57 0.065 ± 0.041 a 0.035 0.12
Sparus aurata 5 24.09 0.033 ± 0.044 a 0.001 0.082
Trachurus trachurus 9 20.53 0.362 ± 0.182 b 0.088 0.759
Total 35 0.1854 ± 0.279 0.001 1.718
Benthic
Chelidonichthys lucerna 5 15.35 0.109 ± 0.12 a 0.044 0.337
Conger conger 6 54.00 0.251 ± 0.139 c 0.090 0.449
Mullus barbatus 18 17.34 0.113 ± 0.101 a 0.005 0.47
Phycis phycis 2 39.70 0.066 ± 0.05 a 0.054 0.066
Scorpaena scrofa 4 19.86 0.096 ± 0.014 a 0.084 0.113
Trachinus draco 3 19.50 0.103 ± 0.02 a 0.115 0.156
Benthic (benthopelagic)
Lepidopus caudatus 16 104.07 0.388 ± 0.465 b 0.0003 1.718
Lophius piscatorius 4 36.45 0.378 ± 0.109 b 0.263 0.509
Merluccius merluccius 15 26.45 0.085 ± 0.030 a 0.009 0.118
Total 73 0.1576 ± 0.129 0.005 0.509
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3.3. Statistical Analysis
A significant difference in Hg levels was found between fish species (Kruskal–Wallis chi-squared
= 46.017, p-value = 1.415 × 10−5; Figure 1). The post-hoc test showed that L. caudatus, L. piscatorius,
C. conger, and T. trachurus were the fish species that contributed to the significant difference in Hg
levels. However, no significant difference in Hg levels between benthic and pelagic fish samples was
found (Wilcoxon p-value = 0.1447). No significant correlations were found between fish length and Hg
levels of all the fish species examined (p > 0.05).
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Figure 1. Boxplots of the Hg levels of the fish species examined. Black bars represent the median 
values; circles represent the outliers. A = E. encrasicolus; B = C. lucernus; C = C. conger; D = P. phycis; E 
= M. merluccius; F = S. aurata; G = L. piscatorius; H = S. pilchardus; I = S. scrofa; L= S. scombrus; M = L. 
caudatus; N = T. trachurus; O = T. draco; P = M. barbatus. 
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The results of this work showed very low Hg content in fish samples caught off the western 
Sicilian coasts (FAO zone 37.1.3).This is in accordance with what was reported in literature [10–12], 
which confirms the environmental quality of this fishing area compared to the FAO zone 37.2.2 
belonging to the south-eastern Sicilian coasts [8]. Mercury accumulates along the food chain starting 
from few ppb in algae and plankton and magnifying with relatively higher concentrations in 
ichthyophagous fish [13,14]. The significant differences in Hg levels between fish species found in 
this work confirm that the eating habits of fish can have an effect on accumulation [15] regardless of 
their habitats. 
Furthermore, the results demonstrated that the difference in heavy metal accumulation does not 
apparently depend on fish size, emphasizing the significance of feeding patterns in heavy metal 
accumulation, according to what was reported in literature [16]. Our findings seem to be in contrast 
to what was found by Naccari et al., (2015) [10] for fish samples collected from different areas of Sicily, 
which was a different trend in metal contamination among pelagic, benthic, and demersal species. 
The highest Hg content was found in Lepidopus caudatus samples as a result of their heterogeneous 
feeding behavior [17]. The diet of Lepidopus caudatus is composed of three main items: fish, 
crustaceans and, to a lesser degree, cephalopods. It is well known that ichthyophagous fish normally 
have higher levels of mercury than planktivorous fish [15]. 
However, the Hg levels found in this work are significantly lower than what was found in top 
pelagic predators of the Mediterranean such as bluefin tuna (Thunnus thynnus), rajiformes and 
sharks—these organisms reached mean Hg concentrations up to two times higher than what was 
found in this work [9,18]. Farmed Sparus aurata samples showed the lowest Hg content, confirming 
the potential variation in the Hg load of fish muscle between farmed and wild fish in the 
Mediterranean Sea assumed by Ferreira et al. (2010) [19]. Adult seabass are top predators, capturing 
shrimps, crabs, squids, and small fishes, and have higher metal concentrations than aquaculture 
feedingstuffs [20]. Our findings highlight the importance of the food as the main route of metal 
uptake in sea bream and other farmed fish. However, it should be considered that fishmeal is 
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4. Discussion
The results of this work showed very low Hg content in fish samples caught off the western Sicilian
coasts (FAO zone 37.1.3).This is in accordance ith what was reported in iter ture [10–12], hich
confirms the environmental quality of this fishing area compared to the FAO zone 37.2.2 belonging
to t e south-eastern Sicilian coasts [8]. Mercury accumulates long the food chain starting from few
ppb in algae and plankton and magnifying with relatively higher conc ntrations in ichthyophagous
fish [13,14]. The s gnific nt differences i Hg levels between fis species found in this work confirm
that e eatin habit of fish can ave a effec on accumulation [15] regardless of their habitats.
Furthermore, the results demonstrated that the difference in heavy etal accumulation does
not apparently depend on fish size, emphasizing the significance of feeding patterns in heavy metal
accumulation, according to what was reported in li erature [16]. Our findings seem to be in contrast to
what was found by Naccari et al. (2015) [10] for fish amples collected from differe t areas of Sicily,
whi h was a different tre d in metal contamination among pelagic, benthic, a d demersal species. The
highest Hg content was found in Lepidopus caudatus samples as a result of their heterogeneous feed ng
behavior [17]. The di t of Lepidopus caudatus is comp sed of three main items: fish, crustac ans and, to
a lesser degree, cephalopods. It is well known that i hthyoph gous fish no ma ly hav higher lev ls f
mercury than planktivorous fish [15].
However, the Hg lev ls found in this work are significantly lower an what was found in
top p lagic predators of the Mediterranean such as bluefin tuna (Thunnus thynnus), rajiformes and
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sharks—these organisms reached mean Hg concentrations up to two times higher than what was
found in this work [9,18]. Farmed Sparus aurata samples showed the lowest Hg content, confirming the
potential variation in the Hg load of fish muscle between farmed and wild fish in the Mediterranean
Sea assumed by Ferreira et al. (2010) [19]. Adult seabass are top predators, capturing shrimps, crabs,
squids, and small fishes, and have higher metal concentrations than aquaculture feedingstuffs [20].
Our findings highlight the importance of the food as the main route of metal uptake in sea bream
and other farmed fish. However, it should be considered that fishmeal is increasingly substituted
in farmed fish diets with ingredients of terrestrial origin, which may affect the mineral content and
availability [21]. Among the wild pelagic fish, the sardine samples showed the lowest Hg content,
confirming what was reported in other works on small pelagic ichthyofauna [10–12].
5. Conclusions
The present work confirms the importance of biomonitoring for the toxicological evaluation of
fish products [22]. The results obtained from this work confirmed the differences between Sicilian
fishing areas regarding the concentration of mercury—the areas belonging to the north-west coasts of
Sicily show lower concentrations of mercury, which is a symptom of the excellent ecological status of
the area examined. The exposure of the general population to xenobiotic agents through the diet is a
major concern for healthcare institutions.
Often the inadequacy of clear information on the extent of exposure and the actual difficulty
in extrapolating data on environmental contaminants from humans make it difficult to implement
effective preventive regulatory actions. Therefore, the data obtained in this work could be a starting
point for further preventive measures aimed at preserving the health of consumers.
Author Contributions: Conceptualization, G.C. and F.F.; Methodology, F.G.G., A.P. and A.M.; Validation, A.V.,
G.C. and A.M.; Formal Analysis, G.C., F.G.G. and G.M.L.D.; Investigation, F.F., A.P.; Data Curation, G.C. and A.P.
Writing—Original Draft Preparation, G.C. and F.G.F.; Writing—Review and Editing, G.C. and F.F.; Visualization,
G.C.; Supervision, G.C. and V.F.; Project Administration, G.C. and V.F.
Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Cammilleri, G.; Galluzzo, P.; Pulvirenti, A.; Giangrosso, I.E.; Dico, G.M.L.; Montana, G.; Lampiasi, N.;
Mobilia, M.A.; Lastra, A.; Vazzana, M.; et al. Toxic mineral elements in Mytilus galloprovincialis from Sicilian
coasts (Southern Italy). Nat. Prod. Res. 2019, 33, 1–6. [CrossRef] [PubMed]
2. Di Bella, G.; Tardugno, R.; Cicero, N. Investigation of Hg Content by a Rapid Analytical Technique in
Mediterranean Pelagic Fishes. Separations 2018, 5, 51. [CrossRef]
3. Harris, H.H.; Pickering, I.J.; George, G.N. The Chemical Form of Mercury in Fish. Science 2003, 301, 1203.
[CrossRef] [PubMed]
4. Łuczyn´ska, J.; Paszczyk, B.; Nowosad, J.; Łuczyn´ski, M.J. Mercury, Fatty Acids Content and Lipid Quality
Indexes in Muscles of Freshwater and Marine Fish on the Polish Market. Risk Assessment of Fish
Consumption. Int. J. Environ. Res. Public Health 2017, 14, 1120. [CrossRef] [PubMed]
5. Holsbeek, L.; Das, H.; Joiris, C. Mercury in human hair and relation to fish consumption in Bangladesh. Sci.
Total Environ. 1996, 186, 181–188. [CrossRef]
6. Nakagawa, R.; Yumita, Y.; Hiromoto, M. Total mercury intake from fish and shellfish by Japanese people.
Chemosphere 1997, 35, 2909–2913. [CrossRef]
7. Harada, M.; Nakanishi, J.; Konuma, S.; Ohno, K.; Kimura, T.; Yamaguchi, H.; Tsuruta, K.; Kizaki, T.;
Ookawara, T.; Ohno, H. The Present Mercury Contents of Scalp Hair and Clinical Symptoms in Inhabitants
of the Minamata Area. Environ. Res. 1998, 77, 160–164. [CrossRef]
8. Bonsignore, M.; Salvagio Manta, D.; Olivieri, E.; Sprovieri, M.; Basilone, G.; Bonanno, A.; Falco, F.; Traina, A.;
Mazzola, S. Mercury in fishes from Augusta Bay (southern Italy): Risk assessment and health implication.
Food Chem. Toxicol. 2013, 56, 184–194. [CrossRef]
Animals 2019, 9, 594 6 of 6
9. Cammilleri, G.; Vazzana, M.; Arizza, V.; Giunta, F.; Vella, A.; Dico, G.L.; Giaccone, V.; Giofrè, S.V.;
Giangrosso, G.; Cicero, N.; et al. Mercury in fish products: what’s the best for consumers between bluefin
tuna and yellowfin tuna? Nat. Prod. Res. 2018, 32, 457–462. [CrossRef]
10. Naccari, C.; Cicero, N.; Ferrantelli, V.; Giangrosso, G.; Vella, A.; Macaluso, A.; Naccari, F.; Dugo, G. Toxic
Metals in Pelagic, Benthic and Demersal Fish Species from Mediterranean FAO Zone 37. Bull. Environ.
Contam. Toxicol. 2015, 95, 567–573. [CrossRef]
11. Graci, S.; Collura, R.; Cammilleri, G.; Buscemi, M.D.; Giangrosso, G.; Principato, D.; Gervasi, T.; Cicero, N.;
Ferrantelli, V. Mercury accumulation in Mediterranean Fish and Cephalopods Species of Sicilian coasts:
correlation between pollution and the presence of Anisakis parasites. Nat. Prod. Res. 2017, 31, 1156–1162.
[CrossRef] [PubMed]
12. Copat, C.; Bella, F.; Castaing, M.; Fallico, R.; Sciacca, S.; Ferrante, M. Heavy Metals Concentrations in Fish
from Sicily (Mediterranean Sea) and Evaluation of Possible Health Risks to Consumers. Bull. Environ.
Contam. Toxicol. 2012, 88, 78–83. [CrossRef] [PubMed]
13. Potter, L.; Kidd, D.; Standiford, D. Mercury levels in Lake Powell. Bioamplification of mercury in man-made
desert reservoir. Environ. Sci. Technol. 1975, 9, 41–46. [CrossRef]
14. Sorensen, J.; Glass, G.; Schmidt, K.; Huber, J.; Rapp, G. Airborne mercury deposition and watershed
characteristics in relation to mercury concentrations in water, sediments, plankton, and fish of eighty
northern Minnesota lakes. Environ. Sci. Technol. 1990, 24, 1716–1727. [CrossRef]
15. Phillips, G.R.; Lenhart, T.; Gregory, R. Relation between trophic position and mercury accumulation among
fishes from the Tongue River Reservoir, Montana. Environ. Res. 1980, 22, 73–80. [CrossRef]
16. Miniero, R.; Beccaloni, E.; Carere, M.; Ubaldi, A.; Mancini, L.; Marchegiani, S.; Cicero, M.; Scenati, R.;
Lucchetti, D.; Ziemacki, G.; et al. Mercury (Hg) and methyl mercury (MeHg) concentrations in fish from the
coastal lagoon of Orbetello, central Italy. Mar. Pollut. Bull. 2013, 76, 365–369. [CrossRef]
17. Demestre, M.; Moli, B.; Recasens, L.; Sánchez, P. Life history and fishery of Lepidopus caudatus (Pisces:
Trichiuridae) in the Catalan Sea (Northwestern Mediterranean). Mar. Biol. 1993, 115, 23–32. [CrossRef]
18. Cubadda, F.; Stacchini, P.; Baldini, M. Microinquinanti Organici e Inorganici in Specie Marine eduli del Mare
Adriatico: Livelli di Presenza e Stima Dell’assunzione Potenziale da Parte Dell’uomo; Rapporti ISTISAN 98/1;
Istituto Superiore di Sanità: Roma, Italy, 1998.
19. Ferreira, M.; Caetano, M.; Antunes, P.; Costa, J.; Gil, O.; Bandarra, N.; Pousao-Ferreira, P.; Vale, C.;
Reis-Henriques, M. Assessment of contaminants and biomarkers of exposure in wild and farmed seabass.
Ecotoxicol. Environ. Saf. 2010, 73, 579–588. [CrossRef]
20. Abreu, S.; Pereira, E.; Vale, C.; Duarte, A. Accumulation of Mercury in Sea Bass from a Contaminated Lagoon
(Ria de Aveiro, Portugal). Mar. Pollut. Bull. 2000, 40, 293–297. [CrossRef]
21. Dominguez, D.; Sarmiento, P.; Sehnine, Z.; Castro, P.; Robaina, L.; Fontanillas, R.; Antony Jesus Prabhu, P.;
Izquierdo, M. Effects of copper levels in diets high in plant ingredients on gilthead sea bream (Sparus aurata)
fingerlings. Aquaculture 2019, 507, 466–474. [CrossRef]
22. Lasheen, M.R.; Abdel-Gawad, F.K.; Alaneny, A.A.; El-Bary, H.M.H.A. Fish as bio indicators in aquatic
environmental pollution assessment: a case study in Abu-Rawash area, Egypt. World Appl. Sci. J. 2012, 19,
265–275.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
